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Modified bioluminescent proteins and their use. 

This invention relates to bioluninescent proteins, 
in particular it relates to bioluninescent proteins 
which have been modified , for example by chemical means 
or by genetic engineering. Such modified bioluninescent 
proteins, hereinafter referred to as "rainbow proteins", 
nay be used in the detection and quantification of 
cells, microbes such as bacteria, viruses and protozoa, 
and substances of biological interest such as 
substrates, metabolites, intra- and extra- cellular 
signals, enzymes, antigens, antibodies and nucleic acids. 

H iolurr.inescence is the oxidation of an organic 
rr.jlecule, the " l-j cif 2 rir. , by oxygen cr one of its 
netaboiites, to emit light. The reaction is catalysed by 
a protein, usually k'nown as a "luciferase"*, or a 
"photoprotein" when the luciferin is so tightlv or 
covalently bound to the luciferase that it does not 
diffuse off into the surrounding fluid. 
02+ luciferin + luciferase — > oxylucif erin + "light 
(or O2 or H2O2' (or photoprotein) 

•Jo to three other substances nay also be reauired to 
be present in order to generate light, or to alter its 
colour, and they are as follows:- 

(a) A cation such as FI , Ca** , Mg or a transition 
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metal such as Cu + /Cu 2+ , Fe 2+ /Fe 3+ . 

(b) A cof actor such as NADH , FMtJ , or ATP. 

(c) A fluor as an energy transfer acceptor. 

Five chenical fanilies of luciferin haVfi been 
identified so far (see Figure 1 of the attached drawing, 

(a, Aldehydes (found in bacteria, freshwater li rap et 
Latia and earthworms). 

(b) Imidazolopyrazines (found in Sarconastigophora, 
Cnidaria, Ctenophora, sone Arthropoda, so*. Mollusc., 

sone Chordata) • 

(O Senzothiazole (found in beetles such as 

- fireflies and glowworns). 

(d, Linear tetrapyrroles (found in dinof laoellates , 
euphasiid shrimp, some fish). 

(e) Flavins (found in bacteria, fungi , polychaete 
worms and sone nolluscs). 

Reactions involving th%se luciferins nay result in 
the emission of violet, blue , blue- ar een, green , yellow 
or red light and occasionally UV or IR l ight . and such 
emission nay or nay not be ^ 

polarised.. Reference is directed to Chenil uninescence 
Principles and applications in biology and nedicine , 
A.K. canpbell, publ . lg88 Horwood/VCH chichester 

Weinhein, for further discussion of bioluninescent 
reactions . 

It has now been found that the light enitted froo a 
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bioluminescent reaction involving a modified 
bioluminescent or "rainbow" protein, may be changed in 
intensity, colour or polarisation. Such a change can 
then be used in various assays for detecting, locating 
and measuring cells, microbes and biological molecules. 

In this instance, the cell or substance causes a 
physical or chemical change, such as phosphorylation, to 
a rainbow protein such as a genetically engineered 
luciferase, resulting in a change in intensity, colour 
or polarisation of the light emission. The 
bioluninescent reaction is triggered by adding, for 
exar.ole, the luciferin, and modification of the 
luciferase by the cell or substance being measured 
causes the reaction to emit light at a shorter or 
longer wavelength. This enables specific reactions to 
be detected and quantified in live cells, and within 
organelles or on the inner or outer surface of the 
plasma menbrane, without the need to break them open, 
and without the need for separation of bound and unbound 
fractions • 

According to one aspect of the invention there is 
provided a bioluminescent protein capable of taking part 
in a bioluminescent reaction to produce light or 
radiation of altered characteristics under different 
physical, chenical, biochemical or biological 
cond it ions . 
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The rainbow protein may be produced by the 
alteration, substitution, addition or removal of one or 
more amino acids from the end of or within the 
lucif erase or photoprotein . As a result the l ight 
emission from the oxyluciferin nay be of -different 
colours or different states of polarisation depending on 
the physical or chemical conditions. A change in colour 
to another part of the rainbow spectrum may be induced 
by: 

(a) A change in cation concentration such as H , r a 
»g / or transition metal. 

(b) A change in anion concentration such as CI or 
phosphate. 

(O Covalent modification of the new protein by 
enzymes causing phospho- or dephosphorylation (including 
ser/thr, his, and tvr kinases and phosphatases) 
transglutamination, proteolysis, ADP ribosylation , gly- 
or glu-cosylation, halogenation , oxidation, methylation 
and nyristilation. 

(d) Binding to the rainbow protein of an antigen, 
an intracellular signal such as cyclic AMP, cyclic GMP, 
IP3, I P 4, diacyl glycerol, ATP, ADP, AMP, GTP, any oxv 
or deoxyribonucloside or nucleotide, a substrate, a 
drug, a nucleic acid, a gene regulator protein. 

(e) Expression of its nucleic acid inside a live 

cell • or regulation 

cell, as well as its nod if icat ion /within the cell by 
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gene expression such as promoters, enhancers or oncogenes. 

Single or multiple nutations and deletions nay be 
detected in a piece of DUA (eg a PCP. product) by linking 
the "rainbow protein" to one end of the DHA and an 
energy transfer acceptor or quencher to the other end, 
nuclease attack at the nutation will separate the 
rainbow protein from the acceptor or quencher and thus 
cause a change in intensity, colour or polarisation of 
the light emission. 

Such alteration, substitution, addition or removal of 
one or more amino acids nay be achieved by chenical 
means. Alteration of an acid includes alkylation (eg. 
methylaticrj, phosphorylation and various other covalent 
modifications of the type outlined herein. 
Alternatively the nucleic acid coding for the luciferase 
or photoprotein may be altered by modifying, 
substituting, inserting or deleting one or more 
nucleotides such that the resulting protein has gained 
or lost a site which interacts with the cations, anions, 
intracellular signal, covalent modification; proteins or 
nucleic acid to be measured* The insertion or deletion 
of nucleotides is normally produced by site directed 
mutagenesis or by opening up the gene with a specific 
restriction enzyme, inserting or deleting a selected 
nucleotide sequence and then sealing up of the gene 
again or using specific priners with the polymerase 
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chain .reaction. The nucleic acid is' then transcribed to 
mRNA and this is then translated to form the ralnbow 
protein either inside a bacterial or eukaryotic cell, or 
in vitro using, for example, rabbit reticulocyte lysate. 
The new nucleic acid nay contain an RMA polymerase 
promoter such as T7 , SP6, or mammalian promoters such as 
actin, myosin, myelin proteins, NMT-V, SV40, antibody, 
G6P dehydrogenase, and can be amplified in vitro using 
the polymerase chain reaction. The result is that the 
rainbow protein can be produced either in a live cell 
such, as a cancer cell, or without cells using enzymatic 
reactions in vitro. The addition of tissue specific 
promoter or enhancer sequences to the 5' or 3' end of 
the MA coding for the native or altered bioluninescent 
protein will enable it to be used as a reporter gene and 
to be expressed specifically in a particular cell or 
tissue, the expression being detectable by the 
appearance of a change in light intensity, colour or 
polarisation . 

Another way of producing the DMA for a rainbow 
protein is to separate into two halves the original DtIA 
for the bioluninescent protein. A piece of DMA or gene 
is then inserted between the two halves by l igating one 
half to the 5' end and the other to the 3' end. 
Alternatively the rainbow protein DWA could be generated 
using the polymerase chain reaction so that the sense 
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primer had one part of the rainbow protein D?IA linked at 
5' end and the antisense primer and the other part 
linked at the 3' end (i.e. antisense). The pieces of DHA 
or gene of interest, in the middle, could be from two 
separate genes* For example one could code for an energy 
transfer protein, the other for a bioluminescent 
protein. Only when the two are linked together via a 
peptide (from DNA/RHA) will the rainbow protein be 
generated and a shift in colour occur. The energy 
transfer protein could be any fluor bound covalentlv or 
non-covalently to the protein, for example the green 
fluorescent protein f rem Aeguorea, Cbelia, Renilla or 
other cnidarians, or the blue or yellow fluorescent 
proteir. frcn lumincjs bacteria, cr a f lavoprotein , or a 
phyobiloprotein . The whole protein or just the 
fluorescent demain may be used. The bioluminescent 
protein would be any lucif erase for example bacterial, 
firefly, glowworm or copepod, or any photoprotein for 
example aequorin, obelin or a radiolajrin such as 
thalassicollin. 

The protein or its DNA or RNA may be incorporated 
into a live bacterium or eukaryotlc cell by using a 
virus, plasmid, calcium phosphate trans feet ion , 
electroporation , liposome fusion or membrane pore forming 
proteins. Once inside, only live cells with the 
appropriate biochemistry will produce the "rainbow 
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effect". By incorporating the "rainbow protein" gene 
into an embryo, oocyte, spern, seed or seedling a 
transgenic animal or plant may be produced, enabling 
gene expression, cell regulation, drug action, or cell 
damage to be located and measured in individual organs 
using the "rainbow effect". These new organisms may also 
be used in home aquaria, on aeroplane runways, as safe 
lights at sea, and as house plants. 

The rainbow protein nay also be incorporated in a 
different part of the cell by chemical means or 
genetically engineering the protein to contain a signal 
peptide which locates it to the inner or outer surface 
of the plasma membrane or within a particular 
intracellular organelle ( e . g . peroxisome, 

mitochondrion, chloroplast, endoplasmic reticulum, golgi, 
secretory vesicle, nucleus or endosone. 

Addition of a signal peptide, either chemically or 
by genetic enginering, will enable the normal or altered 
luciferase or photoprotein to be targetted into a 
specific organelle within the cell, or onto the inner or 
outer surface of the plasma membrane. For example the 
sequence MLSRLSLRLLSRYLL at the N terminus will locate 
the bioluminescent protein in the mitochondria, and 
KKSALLALMYVCPGKADKE on the N terminus will target the 
protein to the endoplasmic reticulum, a KDEL sequence at 
the c terminus retaining it there. 
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The initial luciferase or photoprotein or its gene' 
nay cone from any of the known chemistries in 
bioluninescence (see Figure 1) or fron the wide range of 
uncharacterised luminous organisms fron nore than 700 
genera representing at least 16 phyla. The luciferin 
may be synthesised chemically and added to the 
biological reaction or cell to generate light. 
Aternatively , the gene coding for the enzymes 
responsible for making the luciferin nay be linked to 
the "rainbow protein" gene so that the artificial operon 
or fusion gene expresses both rainbow protein and makes 
luciferin in the live cell fron normal cell constituents 
such as amino acids. 

Acccrri." to a second aspect of the invention there 
is provided a method of producinq a b iolurainescent 
protein by altering, s ubs t i tu t ir.c , add ing or deleting 
one or more amino acids to the protein by chemical 
means or by genetically engineering the nucleic acid 
coding for the protein. 

According to a further aspect of the invention 
there is provided nucleic acid coding for the 
bioluminescent protein as hereinbefore defined. 

The rainbow protein, or the nucleic acid coding for 
it, nay be used in a range of biological investigations; 
such as:- 

(a) Detection, location and measurement of microbes 
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(protozoa, bacteria, viruses). 

(b) Detection and location of cancer cells. 

(O Measurement of enzymes , intracellular signalling 
and other turnover reactions in cells or fluids. 

(d) DMA and RtIA binding assays. 

(e) Immunoassay and other protein binding assays. 
The rainbow proteins and their parent nucleic 

acids also may be used in genetic engineering, in the 
development of transgenic animals, plants and microbes, 

and in horticulture. 

According to yet a further aspect of the invention 
there -is provided the use of a rainbow protein, or the 
nucleic acid coding for the rainbow protein, f or the 
detection, location or measurement of substances of 
biological interest such as microbes, cells or 
biological molecules or reactions therein. 

in this aspect, the reaction or substances of 
biological interest are made to interact with the 
rainbow protein or its parent nucleic scid. Such 
interactions include direct or indirect li nking such as 
non-covalent or covalent binding as well as energy 
transfer processes. 

Although the invention has been described above it 
is to be understood that it includes any inventive . 
combination of the features set out above or in the 

following description. 
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The invention may be performed in various ways and 
will be further described with reference to the 
following examples : 



EXAMPLE 1. 

Detect ion of phosphorylation of a ra inbow protein 
The peptide leu a rg arg ala ser leu gly, known as 
kempt ide, or RTKHSCSV^EPLKT known as malantide was 
covalently' linked to firefly luciferase using disuccinyl 
suberate at pK8 . Addition of 125 ul protein kinase A + 
cyclic AMP (200 uM ) + 125 uM ATP caused phosphorylation 
- f the kenptide, r. cw attached to the luciferase . The 
resul-ting shift in colour from yellow-green to red at pH 
7.S cr from red to yellow-green at 6.5, measured as a 
ratio in a dual wavelength c hemi luninone te r , enabled the 
rate of protein phosphorylation by the kinase to be 
assayed, and dep hosphorylat ion induced by phosphatase to 
be assayed subsequently by the reversal of the ratio. 
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EXAMPLE 2 
Engineering Firefly Luciferas* 



c DNA coding for f±refly luciferase ampiified 

the polymerase chain reaction (pcr, using 5- sense primers 
with a T7 RNA polymerase prorooter , and 3 , 
as follows: Primer code in brackets 
5' sense primprc 

(105, CACCTAATACGACTCACTATAGGGAGAATGGAAGACGCCAAAAAC 
(107) AGAACTGCCTGCCGCAGATTCTCGCA 

(no, ^CTCTCCCOCCTOTCCCIGCGCCTCCTGTCCCGGTACCTOCTa^c 

CAAAAAC 

(111) CACCTAATACGACTCACTATAGGGAGAATGCTGTCCCGGCTGTCC 
3 ' ant isense primers 

(100) TCTCGCTGAATACAGTTAC 

(106) CCCCAAGCTXAGATCTCTCTGATTTTTCTTGCGT 
(108) TGCGAGAATCTGCGGCAGGCAGTTCT 

The following firefly luciferase cDNA's weJe 
constructed using primers, in brackets: 
(a) full length (105 + 100) 

Cb) " 36bp i.e. missing peroxisomal sign al peptide „„ + ^ 
(O protein kinase A site (RRXS, i n middle of protein 

C-tep ,: ,05 + ,08 and 107 + 100; step 2:2 halves from 

step 1 + 105 + 100) 

(d, mitochondrial signal at N terminus (step lsl10 ♦ 100; 

step 2: step 1 sample + 111 * 100). 
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The PGR reaction in 50 ul contained 10 mM Tris pH 8.3, 
0.01% gelatin, 0.4U Taq polymerase, 2 mM MgCl 2 / 0/2 mM each 
dATP, dGTP, dTTP, dCTP, 0.5 uM of each primer, 1 ul DNA (ca 
1-100 ng) . The reaction, covered with 50 ul mineral oil, 
was incubated in a Perkin-Elmer thermal cycler for 25 cycles: 
94°C 1 minute, 55°C 1 minute, 72°C 2 minutes + 5 seconds 
extension on each cycle, then for 30 minutes at 37 °C with 
1U E.coli DNA polymerase (Klenow fragment) . 

Successful PCR was confirmed by a band on agarose gel 

electrophoresis. The cDNA was purified by centricon to remove 

primers, and precipitated in 70% ethanol, 0.7 mM NH^ acetate 

after extraction with buffered phenol: CHCl^: secondary amyl 

alcohol (25:24 : 1). The DMA (0.5-1 ug dissolved in 10mM Tris 

0.1 or 1 u_M ZD 7 A pH 7.4-7.5) was transcribed in the T7 RNA 

polymerase in buffer containing 40 mM Tris, pH 7.4-7.5, 6mM 

MgCl 2 , 10 mM dithiothreitol , 0.1mg/ml bovine serum albumin, 

2 mM spermidine, 0.5 rr_M each AT?, CT? , UT? , 0.1 mM GTP, 0 . 5 raM 

cap n7 G(5') ppp (5 1 ) G, 1000 U RNAsin/ml, 800 U T7 RNA 

32P 

polymerase ± 2 V-C , UTP for up to 4 hours (1-2 hours 

optical), at 37 °C. The reaction was stopped in the ice cold 
phenol: CHC1 3 : secondary amyl alcohol (25:24:1), and the RNA 
precipitated in 70% ethanol + 0.7M NH^Ac, and stored at -20°C. 

The RNA was centrifuged, redissolved in 20 ul 70 mM 
Tris, 1 mM EDTA pH 7.4-7.5 and 1 ul incubated with 5-10 ul 
rabbit reticulocyte lysate for 1 hour at 30 °C to synthesize 
the luciferase. Luciferase, after dilution, 1/100 is assayed 
for light emission directly in 50 mM tris, 10 mM Mg Ac ^ , 0.1 
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b=vi„ e serum albums, 0: ,-o. 2 « luci£erln , „_,.. ^ 
ATP, P H or isolated by isoelectric focusinc. Ihe mutant 

(HKXS, luciferase has a pi of ca 7., oc and the normal 

luciferase p! ca 6.8. The luciferase with mitochondrial 
•Hn.! also separated from the normal luciferase. On addition 
of the rabbit reticulocyte lysate containing this altered 
luciferase it was taken up by aaaea mitochondria, as shown 
by centrifucation and li 3 ht emission from the mitochondria 
and lucif erase. 

Phosphorylation of the rrxs containing luciferase wit, 
protein kinase A, cyclic AMP (0.2 m>i> , ATP (0.1 - , m) pP? 
caused the luciferase to change its pi back towards 6>8< 
and to shift its colour. Th e RKXS luciferase had a greener 
light emission than the native luciferase detected using a 
dual wavelength chezniluxainometer with interference filter^ 
(maximum transmission ca 545 and 603 nsM) . 

Primers containing kemptide nucleotide sense or 
antisense sequence (LRRASLG) or malantide RTKHSGSV^PLKI 
were also added either to N or C terminus using a one or two 
step PCR reaction. Th ese also produced luciferase which 
could be phosphorylated thereby altering its intensity and 
colour. 
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EX AMPLE 2 " 
Preparation of engineered aenuorin 
cDHA or genomic coding for the Ca^ + -activated 
photoprotein was PCR'd in a similar way to that for 
firefly luciferase. Using one or two step PCP. the 
protein kinase A recognition peptide kenptide (LRRLALG) 
or malantide (as Example 2) was added to the n 
terninus. The mutant aequorin had different kinetic 
properties enabling protein kinase A to be detected by 
phosphorylating th.. altered aequorin (above), 

normal aequorin primers =5' sense TAATACGACTCA 
CTAT AGGGG AGAG AATGGTCAAGCTTTAC ATC AC ACTTCG AC , and 3 ' 
antisense GAATTCTTAGGGG ACAGCTCCACCGTA . For insertion of 
kemntide at the N terminus the nucleotide sequence 
equivalent to LRRASLG was attached to the first 15 bases 
(including ATG) of the 5* end of aequorin. In step 2, 
the 77 RNA polymerase promoter was added to form 
the keoptide-aequorin in vitro for in_ vitro 
phosphorylation. Genomic aequorin DUA (made by PCR) was 
at least as active as that made from mRNA by reverse 
transcriptase PCR. 

EXAMPLE 4_ 
Detect ion of cancer cells in blood 
A blood sample (1 ml) is mixed with a suspension of 
liposomes containing mRNA coding for a rainbow protein 
catalysing the benzot hiazole reaction c in Figure 1- 
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This.nRUA was produced as follows:- 

The gene coding f or firefly luciferase was ^ 
isolated fron a cDNA l ibrary in E . coU ^ ^ 
Plasnid priner + Honio linker containing SP6 WIA 
polynerase promoter, a nucleotide sequence 

GCTCGTCTTATTGAAGATAATOAATATACTGCTCGTTTTGCT 
representing the phosphorylation site for tvrosine 
kxnase activity of the myc oncogene was inserted at the 

CcoRI restriction site 30 base n a <^ a 

-u Dase pairs downstrean fron the 

ATG at the 5' end. The Dm was resealed< recloned ^ 
the plasnid insert transcribed by SP6 Rl ,A polynerase in 
litre to produce oRNA for the rainbow orotein.The 
original protein produced yellow-green light but the 
rainbow protein when phosphorated in the cell produces 
red light. Thus the presence of cancer cell- was 
detected i n blood san?le frQn g ^ 

measuring the ratio of yellow-green (545 nn, to red (603 
nn) light in a dual wavelength cheailuninoneter. 

EXAMPLE 5 
Detection of Salmonella 
The cDHA for the r.inbc p„Ui„ i„ Exanple , 
c=n t .i„ ing EJ>6 RiIS polyne „ se pronotec .^^^^ ineo 

SSjanUii pta9 .. sdditlo „ o£ tMs phjge ^ saimnei|a 
« S u lted in sxpressi0 „ Qf the csinbou ^ ^ 

..»««!.» o £ red Uoht , .„ 6Ung ss ^ ^ t bacter . ur 
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per 20 ml to.be detected. 

EXAMPLE 6 
Detection of HIV IU1A 
A sample (1 ml) of blood from a patient with AIDS 
was extracted with 4 M guanidium isot hiocyana te and the 
nucleic acid precipitated with ethanol/NH acetate. An 
oligonucleotide (10 ul, 1 uM ) labelled with a rainbow 
protein generated from the photoprotein obelin was added 
to 100 ul redissolved RNA at 50°C and the mixture cooled 
for 10 minutes at 0°C- The oligonucleotide was specific 
for a sequence in the HIV coat protein. Binding this to 
HIV RMA resulted in a shift in the light emission from 
the rainbow protein ircrr. light blue ( 475 nm) to blue 
( 440 nm) . This was detected as a shift in the ratio of 
light emission at these two wavelengths in a dual 
p hot omul t iplie r chemi lumi none te r . 

EXAMPLE 7 

Measurement of testosterone in blood 
Testosterone carboxyoxine is reacted with the 
rainbow protein from the photoprotein obelin to form a 
testosterone rainbow protein conjugate. 5ul of this 
containing 1 nmol was incubated with a solution of 
antibody labelled with fluorescein to testosterone 
(50ul) pH 7.4 for 30 minutes in the presence or absence of 
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present the ratio of ratios is 1. 



EXAMPL E 9_ 

" eaSUrenent - 2* nucleic acid hybridisation by_ 
polarisation 

The reaction described in Example 6 was carried out 
but the light emission was detected in a dual 
photomultiplier chemiluninometer containing two P lane 
polarised filters with the polarisation planes at 90" to 
each ether. The ratio between the two photomultipliers 
was related to the anount of KIV r;ia present. 

EXAMPLE 1 0 
Measurement of cyclic ?'!? or Io3 
Using a two step PC?, react-, as described -in 
Examples 2 and 3 , the cyclic A .MP binding domain from the 
bacterial CAP protein or the Ip3 binding domain of the 
endoplasmic reticulum receptor w S added to the r, or c 
terminus or into firefly luciferase or aequorin. The 
altered proteins were made in vitro from the PCP. DtIA 
product as described in Examples 2 and 3, and 
characterised by activity an d colour of light emission 
cyclic AMP or i p3 . A change in both intensity and 

colour enabled CAMP or Tnl ho , 

or ipj to be measured in cell 

extracts ot in living cells. Using an image intensifier 
• CAMP or i p3 "cloud" could be visualised in this one 
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CLAIMS 

1. A bioluminescent protein capable of taking part in 
a bioluminescent reaction to produce light or radiation of 
altered characteristics under different physical, chemical, 

5 biochemical or biological conditions. 

2. A bioluminescent protein according to Claim 1, 
wherein said altered characteristics include one or more of 
colour, polarization state, intensity. 

3. A bioluminescent protein according to Claim 1 or 2 , 
10 produced by modification of a bioluminescent protein 

precursor. 

4. A bic luminescent prczein according to Claim 3, 
wherein said modification includes the alteration, substitu- 
tion, addition or removal of one or more amino acids at the 

15 N or C terminus or within the protein. 

5. A bioluminescent protein according to any preceding 
claim, responsive to binding or association of the protein 
with a substance of interest to produce light or radiation 
of altered characteristics when said bioluminescent reaction 

20 is initiated. 

6. A bioluminescent protein according to any of Claims 
1 to 4 , responsive to covalent or other modification of the 
protein to produce light or radiation of altered charac- 
teristics when said bioluminescent reaction is initiated. 

25 7. A bioluminescent-protein according to any of Claims 
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. reporter -gene.. " " 

14. A nucleic acid according to Claim 12 or 14 , 
including a sequence coding for one or more substances for 
producing luciferin or a similar molecule capable of 

5 emitting light or radiation. 

15. The use of a bio luminescent protein according to 
any of Claims 1 to 10 for the detection, location, measure- 
ment or visualization of substances within or outside 
microbes, whole tissues, whole organisms, cells or 

10 biological molecules. 

16. A method of detecting mutations or detections in 
a DNA sequence includes linking a bioluminescent protein 
according to any of Claims 1 tc 10 to one end of the 
sequence and an energy transfer acceptor or quencher to the 
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